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2 
Abstract
 
Non-muscle myosin II role has been implicated in the extension of lamellipodia, a 
critical step in the initiation of directed cell migration, invasion and other cellular 
processes, but the mechanistic details are limited to driving retrograde actin 
filaments. The present study reveals distinct localization of myosin IIA and IIB 
with an unexpected opposite mechanical roles in mediating lamellipodia 
extension during spreading. Attachment of cells to matrix is impaired in the 
absence of either isoforms, but differential regulation of focal contacts formation 
occurs in myosin IIA¯ and IIB¯ cells. Spreading cells expressing both isoforms 
display an organized actin network consisting of retrograde filaments, arcs and 
central filaments. Loss of actin arcs and central filaments occurs upon depletion 
of either myosin IIA or IIB, but myosin IIB¯ cells displayed long parallel actin 
filaments elongated from cell edge. From these studies, a model for myosin IIA 
and IIB with separate, but linked mechanical roles in mediating lamellipodia 
extension is developed.  
 
 
 
 
 
 
 
3Cell migration plays fundamental roles in the development and normal growth of 
every living organism, and its abnormal regulation results in a wide variety of 
pathological conditions including cancer, mental retardation, infection, and 
vascular diseases. Cell migration is a complex cellular process that involves 
extension of membrane in the form of lamellipodia, formation of focal adhesions, 
translocation of cell body and retraction of the posterior end 1. For a cell to initiate 
lamellipodia formation, a coordinated remodeling of the actin network must occur. 
As a part of such actin network remodeling process, active polymerization of the 
monomeric g-actin into filaments (F-actin) occurs to generate an internal 
protrusive force against the cell membrane to initiate lamellipodia formation 2 3, 4. 
At the same time, the other ends of the fast growing F-actin filaments display 
simultaneous retrograde flow, severing and depolymerization to generate a pool 
of g-actin in the rear of lamellipodium called lamellum or convergent zone 5-7. 
Recent studies have also shown formation of actin arcs or contractile bundles in 
the lamellum 6, 8. The actin arc structures orient parallel to the cell edge and are 
believed to be formed from the retrograde actin filaments 6, 9, but the underlying 
mechanism is not clearly understood.     
   Mammalian cells express non-muscle myosin IIA, IIB and IIC encoded by 
independent genes 10. These conventional motor proteins are known to generate 
contractile forces by associating with actin filaments during cytokinesis and 
migration 11-14. Recent studies have shown impairment of retrograde actin flow in 
the lamellipodia  in the presence of myosin II inhibitors 5-7, 15. In vitro studies 
using high-resolution cryo-transmission electron microscopy have revealed 
4unbundling of actin bundles into individual filaments followed by depolymerization 
in the presence of purified myosin II 16.  Myosin II activity has also been 
implicated in the regulation of focal contacts (focal complexes, focal adhesions 
and fibrillar adhesions are collectively termed as focal contacts in the present 
manuscript) 17-22 known to have direct impact on lamellipodia extension and 
attachment to surface 23. While it is clear that myosin II activity involves in the 
remodeling of the actin network during lamellipodia extension, the isoforms 
specific functions remained controversial.  
   The present study is performed to gain insights in the mechanistic roles of 
myosin IIA and IIB in the spreading cells actively involved in extending 
lamellipodia. Results obtained from the present investigation have shown distinct 
localizations of myosin IIA and IIB with antagonistic roles in mediating 
lamellipodia extension. Both myosin IIA and IIB displayed independent, but 
combined effects on cell attachment to matrix, focal contacts formation and 
remodeling of the actin network during spreading.  
 
RESULTS
Myosin IIA negates IIB-mediated lamellipodia extension during spreading 
In earlier siRNA knockdown studies in MDA-MB-231 breast cancer cells, we 
observed distinct and contrasting effects on lamellipodia extension when myosin 
IIA versus IIB was subjected to siRNA depletion 24.  In those studies, depletion of 
myosin IIB reduced lamellar extension on fibronectin surfaces, implying a positive 
role for this ubiquitously expressed motor protein in generating cell membrane 
5protrusion.  Surprisingly, depletion of myosin IIA enhanced lamellar spreading, 
suggesting that the contractile forces generated by myosin IIA are antagonistic to 
leading edge protrusion in this setting. This argues against the hypothesis that 
myosin II-mediated contractile forces are limited to retrograde actin flow in the 
lamellipodium. It is often necessary to confirm these unexpected results by an 
alternative approach as certain siRNAs are known to display off-target effects, 
poor tissue distribution, induction of interferon response and silencing chromatin 
25-29.  
   As noted earlier 30, HeLa cells (HeLa-ATCC) obtained from The American Type 
Tissue Culture Collection, Manassas, VA express both myosin IIA and IIB 
isoforms; while the derivative tetracycline regulated HeLa cell line (HeLa-
Clontech) generated by Clontech, Mountain View, CA  express only myosin IIA, 
but not IIB (Fig.1a).  Spreading assays performed on fibronectin coated surfaces 
demonstrated a significant impairment in the formation of lamellipodia extensions 
(36% reduction in the spread area of a cell), by HeLa-Clontech cells, as 
compared to HeLa-ATCC cells (n=550-650 cells). The impairment of lamellipodia 
formation by HeLa-Clontech cells was corrected by transient expression of GFP-
myosin IIB (Fig.1b, c). These results demonstrate that myosin IIB favors the 
extension of cell membrane during spreading. This conclusion is further 
supported by similar analysis performed with Cos-7 cells.  Cos-7 cells express 
myosin IIB, but contain no detectable levels of myosin IIA (Fig.1d). Transfection 
of Cos-7 cells with GFP-myosin IIA reduced lamellar spreading relative to GFP-
transfected cells, (24% reduction in spread area, n=450-525) (Fig.1e, f). Taken 
6together, these results support the hypothesis that the myosin IIA predominantly 
confers contractile and retrograde force upon the cell margin, that the IIB isoform 
predominantly confers protrusive force at the cell margin, but that both myosin IIA 
and IIB contribute to overall lamellar protrusion on extracellular matrix. This 
complicates the anticipated myosin II roles in mediating actin retrograde flow and 
needs further understanding.  
Both myosin II isoforms generate contractile forces during the extension of 
lamellipodia 
Myosin II is believed to be involved in mediating cellular functions by undergoing 
filament assembly to generate local contractile forces and tension in the cells. 
Overexpression of myosin II carboxyl terminal tail domains (“assembly 
competence domain” or ACD) has been used in earlier work to interfere with 
normal myosin filament assembly and its functional roles  31-34. To test whether 
myosin filament assembly is important for the specific roles of myosin IIA and IIB 
on lamellar protrusion, plasmid DNA vectors are created to transiently express 
red fluorescent protein (RFP) fusions of myosin II ACD domains (Fig.2a).  Upon 
spreading, a significant enhancement in cell membrane extensions ( 14% 
increase in spread area) was observed in cells transiently expressing the RFP-
myosin IIA-ACD fusion protein in comparison with cells expressing RFP only. In 
contrast, an impairment of lamellipodia extension ( 9% decrease in spread area) 
was observed in cells expressing RFP-myosin IIB-ACD (n=350-400 cells) 
(Fig.2b, c).  These results support the concept that myosin IIA and IIB exert 
7opposing roles on lamellar extension by generating contractile forces and tension 
during cell spreading (Fig.2d). If both the isoforms of myosin II are involved in 
regulating lamellipodia extension in opposite direction by generating contractile 
forces, it is possible that their localizations must be different.  
Distinct localizations of myosin IIA and IIB in the spreading margins 
To gain insights in their specific localizations in the spreading margins, MDA-MB-
231 breast cancer cells were transfected with a Cherry-myosin IIA expression 
vector,  and then fixed during active spreading on a fibronectin coated surface, 
and immunostained to localize endogenous myosin IIB. These studies showed a 
significant enrichment of both the isoforms in the cell margins with distinct 
localizations (Fig.3a, b). Myosin IIB enrichment was observed towards the outer 
margin of the cell, with a fine punctate appearance, followed by a strong band of 
myosin IIA enrichment slightly further back in the lamellipodium (Fig.3a, b). 
Notably, myosin IIB appears to be localized to punctuate structures both at the 
extreme margin and in the more central zones, an appearance not seen for 
myosin IIA (Fig.3b, c). However, their localizations are different in the central 
zone that is away from the matrix. Myosin IIA appears less diffused in 
comparison with IIB (Fig.3d, e). Fluorescence recover after photobleaching 
(FRAP) studies also showed a substantial difference in the recovery rates and 
mobility of GFP tagged myosin IIA and IIB localized in the spreading margins 
(Breckenridge and Egelhoff, unpublished). These studies together with isoform 
rescue effects on lamellipodia extensions suggest that myosin IIA and IIB have 
8distinct and antagonistic roles in leading edge mechanics and protrusion. How do 
the spreading cells use myosin IIA and IIB generated contractile forces to 
mediate lamellipodium extension in opposite directions by displaying distinct 
localizations is unclear.   
 
Myosin IIA and IIB with separate, but linked roles, contribute to cell 
attachment to matrix during spreading 
During lamellipodia extension the cell membrane interacts with matrix by forming 
focal contacts. These focal contacts have a direct impact on the extension of 
lamellipodia and are believed to be sensitive to the contractile forces generated 
by myosin II during spreading or migration 23, 35. To understand the isoform 
specific roles of myosin II during this process, cell adhesion assays are 
performed under different settings. Pharmacological inhibition of myosin II light 
chain kinase (MLCK), Rho-associated coiled-coil containing protein kinase 
(ROCK) and myosin II motor activity have shown a significant impairment of cell 
attachment (30-60% reduction, n=900-1100 cells) to fibronectin coated surface 
(Fig.S1a, b). Cells depleted for each myosin II isoform were tested for adhesion 
during the active phase of spreading on fibronectin coated surface. Isoforms-
specific depletion of either myosin IIA or IIB resulted in substantial reduction (31-
39% reduction, P< 0.035, n=750-850 cells) in adhesion of MDA-MB-231 cells to 
fibronectin matrix (Fig.S1c, d, e). More importantly, the cells (HeLa-ATCC) 
expressing both myosin IIA and IIB showed efficient attachment (nearly 100% 
increase) to matrix in comparison with the attachment of cells lacking 
9endogenous expression of either myosin IIA (Cos-7) (P< 0.01, n=525-600 cells) 
or IIB (HeLa-Clontech) (P< 0.03, n=650-800 cells) (Fig.S2). Rescue, but not the 
overexpression of endogenous myosin II isoforms, significantly increased cell 
attachment to matrix. This analysis indicates that both isoforms, IIA and IIB, 
contribute to overall adhesion during the initial stages of lamellar engagement 
with extracellular matrix (ECM) during spreading. These results also suggest that 
the contractile forces mediated by both myosin IIA and IIB isoform are not 
confined to actin retrograde flow, but are also involved in the regulation of cell 
membrane attachment to matrix during spreading. 
 
Myosin IIA and IIB regulate different focal contacts during spreading 
To better understand the isoforms specific roles in cell membrane interaction with 
matrix, MDA-MB 231 breast cancer cells actively engaged in extending 
lamellipodia were fixed and stained for focal contacts during spreading. Following 
siRNA depletion of myosin IIA or myosin IIB in MDA-MB-231 cells, western blot 
analysis was performed to assess expression levels of the major components of 
focal contacts. These studies revealed that depletion of either myosin IIA or IIB 
did not affect the total cellular abundance of paxillin, vinculin, focal adhesion 
kinase (FAK) or zyxin (Fig.S3). Similar results were also observed in spreading 
cells lacking endogenous expression of myosin II isoforms (data not shown). 
These results indicate that myosin II isoforms contribute to cell attachment to 
matrix without regulating the overall abundance of some of the major 
components of focal contacts during spreading. However, these results do not 
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rule out myosin II isoform specific roles in establishing focal contacts or 
regulating their behavior during spreading. To gain insights in the formation of 
focal contacts, spreading MDA-MB 231 cells were fixed and stained with paxillin 
antibody. These results show punctate, focal contact paxillin immunostaining 
throughout the basal membrane of the spreading cells expressing both myosin 
IIA and IIB (Fig.4a, c, arrow). Few or none of these punctate contacts showed 
colocalization with myosin II. However, upon depletion of myosin IIA via siRNA, 
paxillin staining was substantially more diffuse, with a significant reduction in the 
number of cells displaying prominent focal contacts (Fig.4b arrow). Similar results 
were also observed in the cells spreading in the presence of ROCK inhibitor Y-
27632 (data not shown). Upon depletion of myosin IIB via siRNA, focal contact 
abundance in the central regions of the actively spreading cells was severely 
reduced (Fig.4d, asterisk), although focal contacts along the cell edge were 
commonly observed in many cells (Fig.4d, arrow). Inhibition of MLCK by using 
ML-7 has also revealed similar behavior of focal contacts during spreading (data 
not shown). These results indicate a preferential role for myosin IIA in stabilizing 
focal contacts in the cell membrane attached to matrix, and a preferential role for 
myosin IIB in stabilizing more focal contacts in the central part of spreading cell.    
  
Transient expression of myosin IIA rescues the impairment in focal contact 
formation in cells lacking endogenous protein 
The distinct effects of myosin IIA and IIB on the establishment or regulation of 
focal contacts could be due to off-target effects of siRNAs used in the above 
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experiments. Therefore, Cos-7 cells lacking the endogenous expression of 
myosin IIA (Fig.1d) were used to confirm the above effect on the establishment of 
focal contacts during spreading. Cos-7 cells were transiently transfected with 
plasmids expressing either GFP or GFP-myosin IIA.  After 48 hour, cells were 
collected, allowed to spread for an hour on fibronectin-coated surface, then fixed 
and immunostained for vinculin.  Although some focal contact structures could be 
detected in Cos-7 cells expressing GFP (Fig.5a), these structures were larger 
and more abundant in cells transfected with GFP-myosin IIA (Fig.5b). Further 
analysis of these focal contacts has revealed a significant increase in the 
average number of focal contacts formed by a spreading cell expressing GFP-
myosin IIA in comparison with cells expressing GFP only (Fig.5c). In addition, the 
average area of a focal contact was significantly increased upon transient 
expression of GFP-myosin IIA in the spreading Cos-7 cells (Fig.5d). Taken 
together, these results suggest a specific role for myosin IIA in stabilizing or 
maturation of the initial focal contacts formed in the cells actively engaged in 
extending lamellipodia. These results also suggest that myosin IIA does not have 
a role in the nascent or initial focal contacts establishment or formation during 
spreading.  
 
Myosin IIB regulates focal contacts localized in the central not in the 
lamellar region of the cell membrane attached to the spreading surface 
HeLa-ATCC cells expressing both myosin IIA and IIB (Fig.1a) have typically 
displayed the formation of robust focal contacts during active spreading (Fig.6a). 
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While HeLa-Clontech cells (lacking myosin IIB but express IIA), have formed 
distinct marginal focal contacts during spreading, but reduced numbers of larger 
central focal contacts (Fig.6b, d) as compared to the HeLa-ATTC cells.  Transient 
expression of GFP-myosin-IIB into HeLa-Clontech cells has caused a substantial 
increase not only in the number of focal contacts formed per cell but also in the 
average area of each focal contact (Fig.6c, d, e). These results together with the 
above results observed in the spreading cells depleted of myosin II isoforms 
have demonstrated that the contractile forces generated by both myosin IIA and 
IIB are not critical for the establishment or initial or nascent focal contacts but are 
essential for their stabilization or maturation during spreading. Recent studies 
have also reported the formation of initial or nascent focal contacts independent 
of myosin II activity 36. Here, the present results have revealed isoforms specific 
effects of myosin II on the stabilization or maturation of the initial focal contacts 
formation during spreading. It appears that myosin IIA has global effect on the 
maturation of focal contacts during spreading. On the other hand myosin IIB 
shows significant effect on the maturation or stabilization of the initial or nascent 
focal contacts in the central part of the cell membrane attached to the spreading 
surface in comparison with its effect on focal contacts formed in the cell margins 
during spreading. 
   These results clearly demonstrate that the contractile forces generated by 
myosin IIA and IIB have separate but linked roles in the regulation of focal 
contacts formation and cell attachment to matrix during spreading.  
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Distinct roles of myosin II isoforms in remodeling the actin network during 
spreading 
Recent studies have shown remodeling of the actin network and its roles in 
stabilizing focal contacts and lamellipodia extension during cell spreading 37. 
Recent studies have also reported the impairment of the actin-bundle turnover in 
neuronal growth-cones upon pharmacological inhibition of myosin II motor 
activity 6. However, it is not clearly understood how cells utilize myosin IIA and IIB 
motor activities for remodeling of the actin network during cell spreading. To gain 
insights in the mechanisms by which myosin IIA and IIB isoforms mediate the 
actin network remodeling process, the spreading cells were analyzed for actin 
network under different settings. These studies have revealed the formation of an 
organized actin network that includes retrograde flow actin filaments in the front 
(Fig.7f arrow) followed by a distinct actin arc structures (Fig.7a, f arrow with short 
tail) in the spreading margins of MDA-MB 231 (Fig.7a) and HeLa-ATCC (Fig.7f) 
cells expressing both myosin IIA and IIB. The actin arc structures are parallel to 
each other and the cell’s edge and are located in the back of lamellipodia. Some 
of these structures facing cell edge are bent and appear to originate from the cell 
front (Fig.7f, h). Beyond this distinct band of 2-3 μM transverse actin arcs, 
another set of actin network comprising parallel actin filaments is present in the 
center of the spreading cell. These central actin filaments are perpendicular to 
the actin arc structures located in the back of lamellipodium, but are parallel to 
actin filaments present in the cell front (Fig.7a, arrow-head). However, this 
organized actin network is severely affected upon depletion of myosin IIA in the 
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spreading cells (Fig.7b). Myosin IIA depleted cells, but expressing IIB, displays 
no distinct actin arc structures and central actin filaments, and appear to have 
fragmented actin network diffused through out the cytoplasm during spreading. 
On the other hand, the spreading cells depleted of myosin IIB, but expressing IIA, 
display straight, long and parallel actin filaments ran across the cytoplasm with 
no actin arcs in the spreading margins (Fig.7c). These results suggest that both 
myosin IIA and IIB are essential to form actin arc structures in the spreading 
margins. To confirm these results, the spreading cells lacking endogenous 
expression of myosin IIA and IIB were fixed and stained for actin network. HeLa-
ATCC cells that express both myosin IIA and IIB formed both actin arc structures 
and central actin filaments (Fig.7f). Spreading Cos-7 cells that express myosin 
IIB, but not IIA display neither actin arcs structures nor central actin filaments 
(Fig.7d). On the other hand, HeLa-Clontech cells that express myosin IIA and not 
IIB show no actin arc structures, but do have elongated actin filaments (Fig.7g) 
that are similar to actin filaments formed in the myosin IIB-depleted MDA-MB 231 
cancer cells (Fig.7c). However, these defects are rescued by transient 
expressions of myosin IIA in Cos-7 (Fig.7e) and IIB in HeLa-Clontech spreading 
cells (Fig.7h). These results clearly suggest that both myosin IIA and IIB involve 
in remodeling actin network that is critical to extend lamellipodia and membrane 
interaction with matrix during cell spreading.  
  
DISCUSSION 
15
The present study has uncovered a mechanism that coordinates the unexpected 
opposite mechanical roles of myosin IIA and IIB in mediating lamellipodia 
extension during cell spreading. In that view, the underlying mechanism of 
lamellipodia extension appears more complex than previously thought in 
migrating mammalian cells. The role of non-muscle myosin II in establishing cell 
polarity during migration was first demonstrated in Dictyostelium discoideum that 
carries a single copy of myosin II gene 38. Higher organisms express multiple  
myosin II isoforms that have been implicated in mediating different cellular 
functions 19, 21, 24, 39-43, but their specific roles in driving lamellipodia extension are 
poorly understood. Given their critical roles in the regulation of many important 
biological processes including angiogenesis, tumor metastasis, wound healing 
and the immune response, defining the isoform specific functions of myosin II in 
the regulation of lamellipodia extension is important. The present study 
demonstrates distinct, but linked mechanical roles for myosin IIA and IIB in 
regulating the reorganization of actin network that is critical to lamellipodia 
extension.  
 
   It has been postulated that lamellipodia extension is driven by protrusive forces 
generated by the formation of F-actin from Arp2/3 mediated G-actin 
polymerization at the plasma membrane 2-4. Cells keep lamellipodia extension 
under tight control by applying myosin II-mediated contractile forces and cortical 
tension against the fast growing F-actin during spreading and directed migration. 
As a result F-actin in the lamellipodia undergoes retrograde flow in the cells. 
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Thus, cells use myosin II-mediated contractile forces against the extension of 
lamellipodia by accelerating F-actin retrograde flow during spreading and direct 
cell migration. In other words, inhibition of myosin II activity should favor 
lamellipodia extension or vice versa. What is intriguing here is which myosin II 
isoform is responsible for F-actin retrograde flow resulting into retraction and or 
attenuation of lamellipodia extension. The present study has provided evidence 
for myosin IIA but not myosin IIB involvement in opposing the extension of 
lamellipodia by using Cos-7 cells that lack the endogenous expression of myosin 
IIA (Fig.1e, f). However, previous work shows significant assembly of myosin IIB 
in the lamellipodia implying an overlapping function with myosin IIA or a separate 
role during cell spreading 24. By using HeLa-Clontech cells that lack the 
endogenous expression of myosin IIB, the present study has clearly 
demonstrated a positive mechanical role for myosin IIB in driving lamellipodia 
extension (Fig.1b, c). Interestingly, myosin IIB exerts the extension of 
lamellipodia by displaying little or no colocalization with myosin IIA in the 
lamellipodia of the spreading human breast cancer cells (Fig. 3) that is akin to 
earlier observations made in growth cones 44. These results together with a 
significant increase in retrograde flow of F-actin observed in growth cones of 
myosin IIB knockout mice 45 support the notion that myosin IIA and IIB play 
separate but opposite mechanical roles in mediating lamellipodia extension 
during cell migration. Cells might have opted such mechanism to prevent 
accumulation and bundling of F-actin at the back of lamellipodium due to 
retrograde flow. This does not explain how myosin IIB is contributing for 
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lamellipodia extension during cell spreading. Recent studies reveal localization of 
actin arcs in the back of lamellipodium also called transition zone. Actin arcs 
comprise actin filaments and bundles that are oriented in the direction of cell 
edge and perpendicular to retrograde F-actin in the lamellipodium 6. Myosin II 
generated contractile forces and tension have been implicated in splaying of the 
retrograde F-actin and the stabilization as well as fragmentation of actin arcs in 
the transition zone 6, 8, but the isoform specific functions are not defined. The 
present study has revealed an unorganized actin network with no distinct F-actin, 
actin arcs, and central stress fibers in the cell expressing only myosin IIB but not 
myosin IIA (Fig.7b, d). However, this behavior is completely reverted by transient 
expression of myosin IIA (Fig.7e). This suggests that myosin IIA is essential for 
the stabilization or formation of actin arc structures and probably central actin 
fibers in the spreading cells. Conversely, spreading cells depleted or lacking 
endogenous myosin IIB displayed long and parallel actin filaments in the 
cytoplasm with no actin arc structures in the transition zone (Fig.7c). 
Interestingly, most of these actin filaments appear to originate from the cell edge 
and elongate across the cytoplasm. These long parallel actin filaments are 
probably retrograde F-actin that failed to undergo splaying, turning into actin 
arcs, and then severing or depolymerization in the back of lamellipodium in the 
absence of myosin IIB because earlier reports show enhancement of retrograde 
F-actin flow in growth cones from myosin IIB knockout mice 46. HeLa-Clontech 
cells lacking endogenous myosin IIB also showed similar long actin filaments 
throughout the cytoplasm with no actin arc structures during spreading (Fig.7g). 
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Myosin IIB-depleted MDA-MB 231 cells and HeLa-Clontech cells express myosin 
IIA, but are failed in forming actin arc structures during spreading. However, 
transient expression of myosin IIB rescued the impairment of actin network, 
especially actin arc structures, in the spreading HeLa-Clontech cells (Fig.7h). 
This suggests independent but linked roles for myosin IIA and IIB in the 
establishment of actin arc structures in the spreading margins of cells.  
 
   Recent in vitro studies demonstrate unbundling of actin bundles into individual 
filaments as well as depolymerization in the presence of myosin II 16. Inhibition of 
actin turnover in neuronal growth cones occurs upon pharmacological inhibition 
of myosin II 666. The results observed in the present study together with these 
findings suggest that myosin IIB that localizes to the cell front may have 
mechanical roles in unbundling and severing of the retrograde actin filaments 
during spreading. On the other hand, myosin IIA, by localizing slightly back of 
myosin IIB in the spreading margins, may have roles in diverting the unbundled 
and severed actin filaments into actin arc structures followed by stabilization and 
fragmentation in the transition zone as depicted in Figure 8.  
 
   Recent studies have implicated myosin II-mediated mechanical forces in the 
regulation of focal contacts known to have direct impact on lamellipodia 
extension 23, 35. The present study has demonstrated a significant impairment in 
cell adhesion to matrix without affecting the expression of the major components 
of focal contacts upon inhibition or depletion or loss of either myosin II isoforms 
19
(Supplementary Fig.1, 2, 3). The cell adhesion impairment rescue assays 
demonstrated efficient cell adhesion to matrix in the presence of both myosin IIA 
and IIB motor proteins during spreading. Importantly, the enhancement in 
adhesion efficiency is observed in cells expressing both motor proteins, but not in 
cells overexpressing a single myosin II isoform (Fig. S3). This suggests separate 
but linked roles for myosin II motor proteins in the regulation of cell membrane 
interaction with matrix during spreading. Although myosin II roles in the 
regulation of focal contacts are known 18, 36, the isoforms specific functions are 
not clearly understood. The present study has revealed no significant effect on 
the formation of the initial or nascent focal contacts, but demonstrated a 
requirement of myosin IIA in the formation of stable or mature focal contacts in 
the entire membrane attached to matrix. In contrast, myosin IIB has a role in the 
regulation of focal contacts that are limited to the central part of the membrane 
attached to matrix (Fig.5, 6).  
 
   Thus, the present study has demonstrated that myosin IIA and IIB with 
separate but linked mechanical roles determine the fate of lamellipodia extension 
during spreading. However, further studies are essential to unravel the complex 
mechanisms involved in actin network reorganization mediated by myosin IIA 
and IIB during cell spreading and migration. 
  
METHODS
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Cell culture. The MDA-MB-231 human breast cancer cell line and HeLa cell line 
were obtained from the American Type Culture Collection (Rockville, MD). Tet 
regulated HeLa cell line was from Clontech (Mountain View, CA) and Cos-7 cells 
were a gift from Dr. Cathy Carline from Case Western Reserve University, 
Cleveland, OH. MEM and DMEM supplemented with 10% heat-inactivated fetal 
bovine serum, penicillin/streptomycin, and 1% L-glutamine (Life Technologies, 
Gaithersburg, MD) to culture MDA-MB 231 cells, HeLa cells and Cos-7 cells, 
respectively at 37 °C with 6% CO2 and humidity. The cells used were not more 
than 10 to 15 passages after the initiation of cultures.  
 
Chemicals and antibodies. Specific inhibitors used are ML-7, Blebbistatin and 
Y-27632 purchased from Calbiochem (La Jolla, CA). Cell dissociation reagent 
and fibronectin were purchased from Sigma, St. Louis, MO. siRNA 
oligonucleotides specific to non-muscle myosin IIA and IIB were purchased from 
Dharmacon RNA Technologies, USA. Transfection reagents were purchased 
from Amaxa Biosystems, USA). Alexa Fluor® 568 Phalloidin and DAPI nucleic 
acid stain and Alexa-conjugated secondary antibodies were from Molecular 
Probes, Eugene, OR. SuperFemto Western blot reagents were from Pierce, 
Rockford, IL.  Antibodies purchased from Sigma (St. Louis, MO) include non-
muscle myosin IIA, myosin IIB, vinculin and actin.  Paxillin and zyxin antibodies 
were from Zymed Laboratories Inc., San Francisco, CA. Focal adhesion kinase 
(FAK) antibodies were purchased from Santa Cruz Biotechnology, Santa Cruz, 
CA.   
21
 
Plasmids. To construct pDsRed-myosin IIA-ACD plasmid vector expressing 
myosin IIA assembly competence domains, a PCR product amplified by using 5’-
GGAAGATCTAACACCGACCTGAACCTGGAGCGC-3’ and 5’-
CGCGGATCCTTAGGGCACGACAAACGGCAGGTC-3’ primers from pEGFP-
myosin IIA plasmid as template was cloned in pDsRed2-Nuc expression vector 
(BD Biosciences, San Jose, CA) as BglII and BamH1 fragment and thus deleted 
nuclear localization signal. Similarly, a PCR product amplified from pEGFP-
myosin IIB by using 5’-GGAAGATCTGATGAGAAGCGGCGTCTGGAAGC-3’ and 
5’-CGCGGATCCTTAGGGGCCACCCCGCCTCAGCCG-3’ was cloned as BglII 
and BamH1 fragment in pDsRed vector to generate pDsRed-myosin IIB-ACD 
expression vector. The plasmid pEGFP-non-muscle myosin IIA-C3 expresses the 
full length corrected human non-muscle myosin heavy chain under the control of 
a constitutive CMV promoter, with EGFP fused at the amino terminus of the 
myosin IIA coding region. This plasmid, a gift from Dr. Anne Bresnick 47-49, was 
used to express wild type GFP-non-muscle myosin IIA.  A GFP-non-muscle 
myosin IIB expression vector was constructed by insertion of the full length 
corrected non-muscle myosin IIB into Age I/Dra III sites the pCMV-EGFP-C3 
vector 50. The construction of pmCherry-non-muscle myosin IIA expression 
vector was described earlier 49. 
 
Cell spreading and adhesion assays. Quantitative cell spreading assays to 
compare cell membrane extensions were carried out as described earlier 24. To 
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study cell adhesion efficiencies, cultured or transiently expressing cells (24-72 h 
after transfections) were collected by using cell dissociating reagent and equal 
number of cells were seeded on fibronectin coated (20 μg ml-1) 48-well tissue 
culture plates in growth medium. After incubating at 37 ºC for 60-70 min, growth 
medium was removed and cells were washed with PBS followed fixation by using 
paraformaldehyde (4%) as described earlier 24. Nuclei of cells were stained with 
DAPI and images of the attached cells were collected and counted by using 
ImageJ program (NIH).  
 
Immunostaining and confocal microscopy. Cells growing or actively 
spreading on Lab-Tek II Chambered Coverglass were washed twice with PBS 
and then fixed by incubating with 1 ml of fixing buffer I [PBS carrying 2 mM 
MgCl2, 2 mM EGTA and paraformaldehyde (4%)] for 30 min at room 
temperature. Fixing buffer was removed completely and then cells were 
permeabilized by incubating in 1 ml of fixing buffer carrying Triton X-100 (0.5%) 
for 5-8 min at room temperature. Cells were washed with PBS several times and 
blocked with 1 ml of blocking buffer (1x TBS with 0.1% Tween and 1% BSA) at 
room temperature for 10 min followed by incubating with antibodies (diluted in 
blocking buffer) 60-120 min. After washing with 1 ml of washing buffer (blocking 
buffer with no BSA), cells were incubated with Alexa-conjugated secondary 
antibodies diluted to 1,000-fold in blocking buffer for 1 hr at room temperature. 
Cells were washed with washing buffer and incubated with 1 ml of 20 μg ml-1 
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DAPI solution at room temperature. Cells were washed with PBS several times 
before imaging with a Zeiss LSM510 confocal microscope. 
 
Western blot analysis. Western blot analyses were carried out as described 
earlier 51 with some modifications. Total cell lysates were prepared from 
spreading cells by completely removing the growth medium and then lysed 
directly by the adding 1x lysis buffer. Cell lysates were collected and then 
subjected to sonication on ice followed by centrifugation at high speed in cold 
condition to get clear supernatant. Protein samples were prepared by mixing with 
equal volume of 2x SDS sample buffer 24. Protein samples thus prepared were 
heated at 95 °C for 1 min and stored frozen. To ensure equal sample loading for 
SDS-PAGE and Western blotting, aliquots of samples from each experiment 
were subjected to SDS-PAGE and Coomassie staining. These gels were then 
used for total lane densitometry, allowing normalization of sample loading for 
subsequent Western blot analysis. SDS samples were resolved on 4-20% 
acrylamide gels and then transferred to polyvinylidene difluoride membrane. 
Membranes were incubated with the primary antibodies and then with 
horseradish peroxidase–conjugated secondary antibodies and the 
immunoblotted proteins were visualized using SuperFemto Western blot 
reagents.  
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Legends
Figure 1 Myosin IIA and IIB mediate cell membrane extension in opposite 
directions. (a) Western blots showing the expression of myosin II isoforms in 
HeLa cells. The total cell lysates made from the spreading HeLa-ATCC, HeLa-
Clontech and HeLa-Clontech cells transiently expressing GFP-myosin IIB for 36-
48 h were analyzed (b) Myosin IIB favors lamellipodium extension. HeLa-ATCC, 
HeLa-Clontech and HeLa-Clontech cells transiently expressing GFP-myosin IIB 
for 36-48 hr were collected and then seeded on freshly coated fibronectin 
surfaces (20 μg/ ml). Cells were allowed to spread for 60 min in the incubator and 
then stopped by directly adding fixing buffer followed by washing with PBS. 
Images were collected by using inverted light microscope (c) Graphical 
representation of the cell spread areas. Cells spread for 60 min were stopped by 
directly adding fixing buffer followed by staining with Alexa-Fluor conjugated 
wheat germ agglutinin to enhance cell margin contrast, and quantifying cell area 
using the ImageJ program (NIH) as described in Methods. For each presented 
bar, n=350-450 cells quantified. The average spread area of HeLa-ATCC cell 
was considered as 100% to calculate the spread area of other cells. (d) Western 
blots showing the expression of myosin II isoforms in Cos-7 cells. (e) Myosin IIA 
mediates restraining of lamellipodia extension. (f) Myosin IIA restrains 
lamellipodia extension significantly than myosin IIB. For each presented bar, 
n=550-650 cells quantified. Bars represent standard errors, t-test. The average 
spread area of GFP alone expressing cell was considered as 100% to calculate 
the spread area of other cells. The scale bars represent 20 μm.  
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Figure 2 Myosin II assembly into filaments is required for the extension of cell 
membrane during spreading. (a) A schematic diagram showing myosin II 
assembly complex domain, assembly, and the DNA expression vectors 
constructed. MDA-MB 231 cells were used for spreading assays after 36-48 hr of 
transfections (b) MDA-MB 231spreading cells expressing myosin II assembly 
complex domains. Images shown were cells spread for 60 min. (c) Graphical 
representation of spreading areas of cells expressing myosin II assembly 
complex domains. Spread areas of cells were measured as described under 
Figure 1 legend.  For each presented bar, n=350-400 cells quantified. Bars 
represent standard errors, t-test (d) A schematic diagram showing lamellipodia 
extension by myosin II-depleted cells.  
Figure 3 Distinct localizations of myosin II isoforms in spreading MDA-MB 231 
breast cancer cells. (a) Spreading cell transiently expressing cherry-myosin IIA 
was fixed and stained with myosin IIB antibody. A series of Z-sections were 
collected by using confocal microscope. Inset-1 and inset-2 were drawn to study 
colocalizations of myosin II isoforms at the spreading margins and in the 
cytoplasm, respectively. (b) and (c) Blowup of a z-section collected near the 
matrix. Arrow indicates cherry-myosin IIA and arrow-head shows the 
endogenous myosin IIB. (d) and (e) showing distinct localizations of myosin IIA 
and IIB in the spreading cell. The scale bars represent 20 μm.  
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Figure 4 Myosin IIA and IIB display differential regulation of focal contacts 
formation during spreading MDA-MB 231 cells. Cells collected after 72 hr 
(maximum depletion of myosin II isoforms occurs) of transfection with scrambled 
siRNA, myosin IIA siRNA and myosin IIB siRNA, were seeded on fibronectin 
coated surface and allowed to spread for 60 min in the incubator. Cells were 
fixed and stained with paxillin, myosin IIA and myosin IIB antibodies as described 
in methods. Cells were also stained with DAPI. Images were collected by using 
confocal microscope. (a) Formation of focal contacts in the membrane attached 
to matrix. Arrow indicates focal contacts and arrow-head shows myosin IIA in the 
spreading margins. (b) Depletion of myosin IIA impairs formation of focal 
contacts. Spreading cell received siRNA against myosin IIA failed form distinct 
focal contacts in the membrane attached to matrix. (c) Localization of paxillin and 
myosin IIB in spreading cells. Arrow-head shows myosin IIB decorated to stress 
fiber in spreading cell received scrambled siRNA. (d) Depletion of myosin IIB 
impairs formation of focal contacts in the central part of spreading cell. Arrow 
indicates formation of distinct focal contacts in the margins of spreading cell 
depleted of myosin IIB. Arrow-head shows myosin IIB and asterisk shows the 
loss of focal contacts in the central part of spreading cell. The scale bars 
represent 20 μm.  
Figure 5 Transient expression of GFP-myosin IIA but not IIB rescues loss of 
focal contacts formation in spreading Cos-7 cells. Cos-7 transfected with GFP, 
GFP-myosin IIA and GFP-myosin IIB plasmids were collected after 24-48 hr 
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transfection and seeded on freshly coated fibronectin surfaces for spreading. 
Cells were fixed after 60-70 min of spreading and stained with vinculin antibodies 
and DAPI. A series of z-sections were collected by using confocal microscope. 
(a) Spreading Cos-7 cells expressing GFP alone. A z-section collected near the 
matrix displaying loss of formation of focal contacts. Arrow indicates focal contact 
in cell (b) Transient expression of GFP-myosin IIA rescues formation of focal 
contacts. A z-section collected near the matrix displaying focal contacts formation 
in spreading Cos-7 cells transiently expressing GFP-myosin IIA. (c) Transient 
expression of GFP-myosin IIB does not rescue focal contacts formation in 
spreading cells. A z-section collected near the matrix showing the expression of 
GFP-myosin IIB and no significant improvement in focal contacts formation. (d) 
Graphical representation of number of punctate structures (focal contacts) per 
cell. Confocal z-sections were exported into TIF images and then processed to 
quantify number and area of punctate structures by using ImageJ program (NIH). 
Numbers of images processed to quantify number and area of punctate 
structures were in between 12-15. (e) Box-and-whisker plot showing the average 
area of punctate structure in pixels. We have observed a wide range of areas of 
punctate structures in pixels and thereby represented by Box-and-whisker plot. 
The scale bars represent 20 m.  
Figure 6 Myosin IIB is required for focal contacts formation in the central part of 
the spreading cells. HeLa-ATCC and HeLa-Clontech and HeLa-Clontech cells 
transiently expressing GFP-myosin IIB were collected and freshly seeded on 
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fibronectin coated surfaces for spreading. Spreading cells were fixed, 
immunostained, imaged and processed as described in Fig.5 legend. (a) 
Spreading HeLa-ATCC cell displaying focal contacts formation through out the 
membrane attached to matrix. A z-section of confocal image collected near the 
matrix displaying punctate structures appeared by staining with vinculin 
antibodies. Arrow shows focal contacts in the center of spreading cell and 
arrowhead shows peripheral focal contacts. (b) Spreading HeLa-Clontech cells 
show focal contacts formation exclusively in the peripheral region. A z-section of 
confocal image collected near the matrix showing focal contacts formation. (c) 
Transient expression of GFP-myosin IIB in HeLa-Clontech cells rescues 
formation of focal contacts in the central part of spreading cell. A z-section of 
confocal image collected near the matrix. Some focal contacts appear 
colocalized with GFP-myosin IIB. The scale bars represent 20 m. (d) Graphical 
representation of focal contacts in spreading HeLa cells (e) Box-and-whisker plot 
showing the average area of punctate structures in pixels. Numbers of images 
processed to quantify number and area of punctate structures were in between 
12-16. There is a significant decrease in the number as well as area of punctate 
structures in spreading cell that lacks the expression of endogenous myosin IIB.  
 
Figure 7 Both myosin IIA and IIB isoforms are required for the formation of 
distinct actin network in spreading cells. Spreading MDA-MB 231 cells depleted 
of myosin IIA and IIB were fixed and stained with myosin IIA, IIB antibodies, 
Phalloidin and DAPI. A series of z-sections were collected by using confocal 
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microscope. (a) Spreading cell received scrambled siRNA displays distinct 
transverse arcs in the spreading margin (arrow) and central stress fibers (arrow-
head). (b) Loss of distinct actin network including transverse arcs and central 
actin fibers upon depletion of myosin IIB (c) Loss of transverse arcs (arrow) and 
the formation of long actin fibers (arrow-head) in the spreading cells depleted of 
myosin IIB. (d) Loss of distinct actin network (arrow) in the spreading Cos-7 cells 
expressing GFP alone. (e) Transient expression of GFP-myosin IIA rescues loss 
of distinct actin network (arrow and arrow-head) in spreading Cos-7 cells (f) 
Spreading HeLa-ATCC cells display distinct actin network (g) Loss of transverse 
arcs (arrow) and the formation of long actin fibers (arrow-head) in HeLa-Clontech 
cells expressing GFP alone during spreading (h) Transient expression of GFP-
myosin IIB rescues loss of distinct actin network in spreading HeLa-Clontech 
cells. The scale bars represent 20 m.  
Figure 8 Schematic diagrams depicting opposite but linked mechanical roles for
myosin IIA and IIB in determining the fate of lamellipodial extension during cell 
spreading. 
Legends for supplementary Figures 
Figure S1 Myosin IIA and IIB activity both contribute to efficient cell attachment 
to matrix. (a) Inhibition of myosin II impairs cell attachment. MDA-MB 231 
collected from tissue culture plates were incubated with ML-7 (5 μmol/L), 
blebbistatin (100 μmol/L) and Y-27632 (5 μmol/L) for 10-15 min and then seeded 
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on fibronectin (20 μg/mL coated plates. Cells were incubated at 37 ºC for 60 min 
for attachment and then growth medium was removed and dishes rinsed with 
PBS to remove unattached cells. Cells were fixed, stained with DAPI and images 
were collected. (b) Myosin II inhibitors impairs cells attachment to matrix. DAPI 
stained nuclei on the images were quantified using ImageJ program (NIH) as a 
measure of cell number. The average number of cells attached in the control 
population was set as 100%. (c) Western blots showing depletion of myosin II 
isoforms in siRNA electrophorated cells. MDA-MB 231 cells were electrophorated 
with either a control scrambled siRNA, siRNA to myosin IIA, or siRNA to myosin 
IIB. Total cell lysates made from cells grown for 72 hr were subjected to Western 
blots analysis. Lower panel, loading control of lysates probed for actin.  (d) DAPI 
stained cells attached to matrix. (e) Both myosin IIA and IIB contribute for 
efficient cell attachment. The average number of cells attached in the control 
scrambled siRNA population was set as 100%. Columns mean (n=3 for each 
treatment condition); bars, SE.   
 
Figure S2 Both myosin IIA and IIB are required for the efficient cell attachment to 
matrix. (a) Transient expression of myosin IIA increases Cos-7 cells attachment 
to fibronectin matrix. Cell adhesion assay was performed as described in Figure 
S1 legend. (b) Graphical representation of Cos-7 cells attachments to matrix. 
The average number of HeLa-ATCC cells attached was set as 100%. Columns 
mean (n=3 for each condition); bars, SE.  
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 (c) Transient expression of GFP-myosin IIB increases HeLa-Clontech cells 
attachment to matrix.  (d) Graphical representation of HeLa-Clontech cells 
attached matrix. The average number of HeLa-ATCC cells attached was set as 
100%. Columns mean (n=3 for each condition); bars, SE.   
 
Figure S3 Depletion of myosin II isoforms display no affect on the expression 
levels of the components of focal contacts in the spreading MDA-MB 231 cells. 
Total lysates of spreading cells depleted of myosin IIA and IIB were analyzed by 
western blot analysis. 
 











